It is known that high r-value hot-rolled steel sheets can be produced by hot rolling in the ferrite region with lubrication, whereas dynamic recovery easily occurs during ferritic rolling, in which texture formation is quite different from that in cold rolling, when the quantity of recovery increases. In this study, one pass hot rolling in the ferrite region was conducted at higher temperatures, using various rolling temperatures and rolling reductions, with two types of ULC steels, 0.016% Nb and 0.023% Ti, and their recrystallization behaviors immediately after hot rolling were investigated. The Ti-bearing steel easily recrystallized; recrystallization occurred even at 1 323 K with a low rolling reduction of 30%. The γ-fiber strength reached its maximum at around 50% rolling reduction at 1 273 K with the Nb-bearing steel and 1 323 K with the Tibearing steel. On the other hand, in high temperature rolling of the Ti-bearing steel, the γ-fiber did not develop, independent of rolling reduction. These changes corresponded to the recrystallized fraction, in that the strength of the γ-fiber decreased when recrystallization occurred immediately after rolling. The deformation microstructures were different in each grain and even in each part of the same grain. New recrystallized-like grains were produced in the domain where distortions were particularly concentrated. Recrystallization seemed to be the result of various mechanisms, as some recrystallized grains were formed by a bulging mechanism, whilst others were surrounded by high angle grain boundaries.
Introduction
Excellent drawability is strongly demanded in cold-rolled mild steel sheets for press forming of automotive outer and inner parts. The Lankford value (r-value) is widely used as an index of drawability and is closely related to crystal orientation. If the so-called γ-fiber (<111>//normal direction; ND) is developed, a high r-value can be achieved. Much work has been done to increase the r-value by optimizing steel chemistry and processing conditions. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] It has been found that cold-rolled sheet steels with extra-high r-values can be manufactured by hot rolling in the ferrite region with lubrication. [4] [5] [6] [7] It is known that dynamic recovery easily occurs at higher temperatures during ferritic hot rolling, in which the steel has a bcc crystal structure. If the amount of dynamic recovery increases, the rolling texture can be expected to differ from that of cold-rolled sheets. Barnet et al. 3) investigated the effect of rolling temperature on the annealed texture after warm rolling in low and ultra-low carbon steel sheets, focusing on recrystallization behavior at certain constant temperatures, i.e., 893 K for low carbon steels and 973 K for IF steels, using hot bands which had been warm rolled at various rolling temperatures from room temperature to 973 K. The γ-fiber orientation, which could be evolved from in-grain shear bands, becomes drastically weaker in low carbon steels with increasing rolling temperature. On the other hand, in IF steels, the γ-fiber orientation is maintained below 973 K. Therefore, Barnet et al. concluded that IF steel is advantageous in warm rolling to achieve the γ-fiber texture.
Senuma et al. 8) also investigated texture formation in Tibearing IF steel sheets in terms of the influence of hot rolling conditions on deep drawability. They conducted hot rolling with various rolling temperatures and reductions, followed by annealing at 1 073 K for 1hr for the 0.058% Tibearing IF steels and 973 K for 1hr for the low-carbon steel. The intensity of the {111} texture of the hot-rolled sheets increased remarkably in Ti-bearing IF steel if the rolling temperature was lower than the Ar3 temperature. It was then pointed out that the warm rolling reduction required for remarkable development of a recrystallization texture conductive to deep drawability is larger than about 75%.
In this paper, recrystallization behavior immediately after ferritic rolling at higher temperatures was investigated in detail, and the recrystallization mechanism within a quite short time after rolling was examined. It was found out that recrystallization immediately after rolling results in the development of a special recrystallization texture which is not desirable for drawability.
Experimental Procedure
IF steels with two chemistries, i.e., 0.023% Ti-bearing © 2013 ISIJ and 0.016% Nb-bearing IF steels, were investigated in this study. The chemical compositions of the samples used is shown in Table 1 . The atomic ratios, (Ti*/C), and (Nb/C) are 1.99, and 1.03, where Ti* is the effective Ti content; Ti*=Ti-(47.8/14)N. As shown in the table, the atomic ratio of the Ti-bearing IF steel is roughly two times higher than that of the Nb-bearing IF steel. In specimen preparation, 50 kg vacuum melted ingots were forged to a thickness of 20 mm, and the slabs were reheated to 1 523 K for 1 hr and hot rolled to 8 mm with a finishing temperature of about 1 173 K and then air-cooled. Sheets were cut and again heated to two temperatures, 1 073 K and 1 123 K, with a holding time of 10 min, and then hot rolled at the same temperature as the reheating temperature. The roll diameter was 710 mm, and the rolling speed was 1 000 mpm. The delivered sheet thicknesses were 5.60, 3.85, 2.80, and 1.95 mm, which were achieved by varying the rolling reduction in one-pass rolling. The corresponding rolling reductions are 30%, 52%, 65%, and 76%, respectively. After hot rolling, the hot bands were immediately water-quenched. The distance between the mill and the water-quenching section was about 200 mm. The hot-rolled sheets were investigated by optical microscope observation, Vickers hardness testing, X-ray texture measurement, and electron back scattering diffraction (EBSD). EBSD was conducted in the normal-direction (ND) -rolling-direction (RD) section using a step size of 0.2 or 0.5 μm.
Results
The effect of rolling reduction on the microstructure after ferritic hot rolling is shown in Fig. 1 for the Nb-bearing IF steel and in Fig. 2 for the Ti-bearing IF steel. The rolling temperatures were 1 073 K and 1 123 K for both steels. Deformed grains elongated along the rolling direction with increasing rolling reduction, especially in the Nb-bearing IF steel. A heavily etched region exists in the deformed microstructure. It is assumed that deformation by ferritic rolling varied with each grain depending on the crystal orientation. Equiaxed small grains are observed with increasing rolling reduction. The distribution of such recrystallized-like equiaxed grains is not uniform, especially in the initial stage of recrystallization, such as at 76% reduction at 1 123 K with the Nb-bearing IF steel, and the recrystallized grains seem to be distributed along the rolling direction. In the Ti-bearing IF steel rolled at 1 073 K, equiaxed grains appear to form under a lower rolling reduction condition, and at a higher reduction of 76%, almost the entire microstructure is occupied by such grains with lower dislocation density. Moreover the deformed grains cannot be observed even at 30% reduction at 1 123 K in the Ti-bearing IF steel, although the grain sizes decrease with increasing rolling reduction.
The microstructure in the intermediate stage of recrystallization under differential interference contrast is shown in Fig. 3 for Nb-bearing hot-rolled sheets with a rolling reduction of 76% at 1 073 K (a) and 1 123 K (b). A deformed structure is recovered, and very fine network substructures are observed. Moreover, some recrystallized grains are also observed within the deformed subgrain structures at 1 123 K. There is no substructure in the recrystallized grains. In the following, such equiaxed grains are called recrystallized grains.
Generally, the hardness or strength of a metal is increased by deformation such as cold rolling, as the material accumulates dislocation density. Figure 4 shows the relationship between the hardness of hot-rolled steel sheets and rolling reduction. Hardness increases with increasing rolling reduction at 1 073 K in the Nb-bearing IF steel, although it tends to be saturated at higher reductions over 52%. On the contrary, hardness apparently drops at a higher reduction of Table 1 . Chemical composition of sample used (mass%). The relationship between rolling reduction and the recrystallization fraction is shown in Fig. 5 . The fraction of recrystallization increases with increasing rolling reduction under all conditions. Recrystallization is retarded in the Nb-bearing IF steel rolled at 1 073 K and achieves only about a 10% fraction at 76% reduction. Ti-bearing IF steels, however, recrystallize faster than Nb-bearing IF steels. In Ti-bearing IF steel, recrystallization can be completed even with a rolling reduction of 30% at the higher temperature of 1 123 K.
As shown in Fig. 1 , the equiaxed recrystallized grain was finer with the deformed matrix, indicating that the grain size distribution could be changed by the warm rolling process. Figure 6 shows the grain size distribution estimated by orientation imaging microscopy (OIM) in the Ti-bearing IF steels rolled at 1 073 K. The peak moves to the finer size with increasing reduction, and the peaks for 65% and 75% reduction are almost the same, at about 25 μm. The distribution also becomes sharp with increasing reduction, especially showing a decreasing distribution of coarser grains. The coarse side corresponds to deformed grains. Since the microstructure consists of both deformed grains and recrystallized grains, the estimated distribution did not distinguish the contribution from the two types. Therefore, recrystallized grains were discriminated using EBSD.
13) The recrystallized grain size estimated by EBSD is shown in Fig. 7 . The initial pre-rolled grain size is also shown in the figure. The initial grain size is large in the Ti-bearing IF steel, and also at the higher reheating temperature (1 123 K). The recrystallized grain size decreased with increasing rolling reduction. The recrystallized grain size in the Ti-bearing IF steel is also about 5 μm larger than in the Nb-bearing steel when compared with 76% reduction. The size ratio between the initial grain in the reheating stage and the recrystallized grain after rolling is about 0.4 for both steels. The main topic of this paper is crystal orientation change by warm rolling in IF steels. Figure 8 shows the inverse pole figure mapping with varying rolling reductions at 1 073 K for the Ti-bearing IF steel. The orientation of the normal direction is rendered in color, and a standard stereo-triangle is shown in the figure. The deformed structure consists of both partial α-fibers near rotated cubes (red) and γ-fibers (blue). The recrystallized grains have a relatively weak texture compared with the deformed ones. They contain grain orientations that are different from the conventional recrystallized orientation after cold rolling of IF steel.
Next, texture analysis by X-ray diffraction was conducted. Figure 9 shows the intensity profiles along the α-fiber and γ-fiber in the Nb-bearing system. The rolling temperatures are 1 073 K and 1 123 K. The intensity of the γ-fiber increases monotonously with reduction at 1 073 K, but it has a peak at 52% reduction and decreases abruptly at higher rolling reductions at 1 123 K. Also, the main component varied complexly with rolling reduction. Specifically, {111}<112> is the main component at lower rolling reduction, although there seems to be a split double peak. The split peaks converge at higher reduction, and the intensity of {111}<110> also becomes relatively strong. {111}<112> becomes the dominant component again at 76% reduction at 1 123 K, although the overall intensity of the γ-fiber is weak. The intensity profiles along the α-fiber and γ-fiber in the Ti-bearing system are shown in Fig. 10 . The intensity of the γ-fiber has a peak at about 50% reduction and decreases abruptly at higher rolling reductions at 1 073 K. It also displays the same tendency as the Nb-bearing IF steel rolled at 1 123 K. The intensity drops with further increases in the recrystallized fraction. The rotated cube orientations decrease at 76% reduction but become the relatively dominant component, since other components such as the γ-fiber become weak. The main component in the finer texture shifted from {111}<112> to {111}<110> and again to {111}<112> at 76% reduction. The γ-fiber at 1 123 K is quite weak and has almost the same intensity along the fiber, which is independent of rolling reduction. Although the intensity of the rotated cube is not particularly strong, this orientation is the main component since the intensity of the γ-fiber is quite weak. Figure 11 shows the effect of rolling reduction on the intensity of the γ-fiber. The vertical axis is the average intensity along the γ-fiber in ODF. The intensity of the γ-fiber increases monotonously in the Nb-bearing system at 1 073 K. However, the intensities reach a maximum at about 50% reduction with both the Ti-bearing steel at 1 073 K and the Nb-bearing steel at 1 123 K. Under these two temperature conditions, the intensities decrease with increasing rolling reduction above 50%. It is noted that the maximum intensity is larger than that at 76% reduction at 1 073 K with the Nbbearing IF steel. On the other hand, in the Ti-bearing system, the development of the γ-fiber does not progress at the higher temperature of 1 123 K over the entire range of rolling reductions. These changes are closely related to the change in the recrystallized fraction, as shown in Fig. 5 . It was found that the intensity of the γ-fiber decreases under the conditions that produce recrystallization immediately after rolling.
Discussions
As described above, equiaxed fine grains were observed after warm rolling, and the recrystallized area increased with rolling reduction. The time interval from rolling to quenching was very short in these experiments. It has been reported that dynamic recrystallization can also occur in the ferrite region (bcc iron). Tuji 14) reported dynamic recrystallization in IF steel at 1 123 K with a strain rate of 10 -3 s -1 . It was concluded that dynamic recrystallization can occur with a Zener-Hollomon factor (Z-factor) 15) lower than 10 11 s -1 . Zfactor is expressed by the following equation. (1) wehre is strain rate, and Q is activation energy. The strain rate was calculated by the following equation, 16) .................... (2) where n is rolling speed (rpm), r is reduction, H 0 is entry thickness, and R is roll diameter.
The estimated Z-factors in this experiment are shown in Fig. 12 . The activation energy, Q was supposed to be 241 kJ/mol which is the activation energy of the selfdiffusion coefficient of iron in ferrite. 17) The Z-factors increased with rolling reduction, and they are above 10 13 s -1 even with the lowest rolling reduction at 1 123 K, which is larger than the critical value for dynamic recrystallization. A transmission electron microscope (TEM) image of the initial stage of recrystallization is shown in Fig. 13 for the Ti-bearing IF steel with 65% reduction at 1 073 K. The dislocation density of the recrystallized grains was much smaller than would be expected by dynamic recrystallization. This suggests that the recrystallization in the present work may not be dynamic recrystallization. The recrystallization occurred, however, within a very short time interval after ferritic rolling, since the hot bands were quenched immediately after rolling in the present experiments. Furthermore, in order to investigate the recrystallization mechanism in detail, an EBSD analysis was performed with a lower recrystallized fraction, that is, at an early stage of recrystallization. Figure 14 shows the image quality mappings (a, c) and inverse pole figure mappings for the normal direction (b, d). Figures (a, b) are for Ti-bearing IF steel with 30% reduction at 1 073 K, and Figs. (c, d) are for Nbbearing IF steel with 52% reduction at 1 123 K. In the image quality mapping, the grain boundaries were colored by their from a relatively weakly deformed substructure. The deformations were apparently localized near some triple junctions, and some recrystallized grains mainly appeared, also in triple junctions. In comparison with the Ti-bearing steel, the recrystallization of the Nb-bearing IF steel was hindered until heavy deformation was applied to the material. Therefore, many low angle grain boundaries were observed inside the prior-grains, and new orientations which were apparently different from the surrounding matrix were observed near some triple junctions. Deformation bands resembling ingrain shear bands were also observed in many <111>/ND deformed grains, as also measured by in Barnet et al., 3) who reported that γ-fiber orientational grains could be evolved from in-grain shear bands rather than grain boundaries.
18)
Most of the cube-oriented (<100>//ND) grains were not so deformed as the <111>//ND grains, and some subgrain structure was included near the grain boundaries. Recrystallized grains were observed at the grain boundaries, especially at triple junctions. Figure 15 shows the mapping for the crystal orientation of several recrystallized grains in the Ti-bearing IF steel with 30% reduction at 1 073 K (a), and in the Nb-bearing IF steel with 52% reduction at 1 123 K (b). If the surrounding matrix had a similar orientation to the recrystallized grain, such region was represented by the same color with the recrystallized grain. The tolerance angle for was set to 15 degrees. Some recrystallized grains had a similar crystal orientation to the surrounding matrix, namely, grains A and B in the Ti-bearing IF steel and grains C and D in the Nbbearing IF steel. In the case of the Nb-bearing steel, such grains were at the triple junctions where the crystal orientation changed locally (for example; region A to D in Fig.  14(d) ). The subgrain boundary is conjectured to generate a recrystallized-like grain near the grain boundary. In the region where distortion is highly concentrated, a recrystallized grain with a certain misorientation could be formed after recovery behavior within a quite short time after deformation. Figure 16 shows the image quality mapping (a) and inverse pole figure (IPF) mapping for the normal direction (b) in the Nb-bearing IF steel with 52% reduction at 1 123 K. A near cube oriented grain bulged into a γ-fibered grain. The cube grain was divided into subgrains including many low angle boundaries. The bulged region A seemed to appear as a recrystallized grain. Figure 17 shows misorientation (point-to-point and point-to-origin) along the line in Fig. 16 . The misorientation inside the cube grain is 3 to 6 degrees (low angle grain boundary). The bulged grain boundary has a misorientation of about 50 degrees. The driving forces of the recrystallized grain boundary are not only strains resulting from rolling deformation, but also misorientation at the grain boundaries. In this case, recrystallization seems to progress due to grain boundary bulging movement (straininduced boundary movement 19) ), as in dynamic recrystallization. 20) The driving force of the strain-induced boundary movement is the difference in the residual deformation energy, as in the state of dislocations. Generally, the quantity of strain accumulation by deformation is closely related to crystal orientation. The Taylor factor 21) is one index of strain accumulation. <111>//ND grains have a larger Taylor factor than <100>//ND grains in rolling deformation. This difference was also correlated and explained the difference in the deformed microstructure by crystal orientation, as in Fig. 14 . In ferritic stainless steel, deformed cube grains are reported to have a weakly-deformed smooth microstructure in comparison with other types of grains. 22) Therefore, <100>//ND grains could move easily into deformed <111>//ND grains. Figure 18 shows the image quality mapping (a) and IPF mapping for the normal direction (b) in the Nb-bearing IF steel under the same conditions as in Fig. 16 . The deformation bands crossed at the grain boundary of two near {111} grains, and a new grain having a different orientation from the surrounding matrix appeared at the intersection. However, in the neighboring region, a recrystallized grain 'A' had already grown into a large grain. Figure 19 shows misorientation (point-to-point and point-to-origin) along lines l1, l2 and l3 in Fig. 18 . The large recrystallized grain has a similar crystal orientation to the lower-side deformed grain (in line l1). The misorientation is a low 5.5 degrees. The recrystallized grain could appear by the SIBM mechanism as grain A in Fig. 16 . Grain B has a near {111} orientation, and deformation bands were observed inside the grain. As the misorientation distribution along line c indicated that the band has a misorientation up to 6 degrees, their substructures consisted of an array of lath-like subgrains. Figure 20 shows the mapping of the crystal orientation near the γ-fiber and the corresponding (200) pole figure. The two <111>//ND grains have orientations of {111}<110> and {111}<112>, respectively. The newly-formed grain belongs to the bottom-side <111>//ND grain; it has a crystal orientation outside of the orientation spread, and reached 8 degrees of misorientation. However, it is difficult for a recrystallized grain formed within an in-grain shear band to grow. On the contrary, a recrystallized grain formed by the SIBM mechanism grows preferentially under rolling conditions in which the rolling temperature is higher in the ferritic region, and the deformed BCC structures recover quickly. As a result, it is thought that the rolled texture becomes random with sub-components of cube orientation. Figure 14 showed several recrystallized grains with crystal orientations far from that of the surrounding deformed matrix, but since such grains had already grown to a certain size, it is possible that nucleation occurred by the strain-induced grain boundary movement (SIBM) mechanism after localized crystal even in IF steels, and an unfavorable texture for deep drawability can be formed. In the present work, it was found that there is a critical condition for the change to this unfavorable texture. It is thought that the critical point can be changed by modifying the steel chemistry and pre-rolled grain size (grain size before finish rolling in the ferritic region). In this work, the Nb-bearing IF steel has an advantage in retarding recrystallization immediately after warm rolling compared with the Ti-bearing IF steel, even though its atomic ratio, (Ti*/C) is twice as large as (Nb/C). When steel has a chemical composition with a large quantity of Nb in particular (quantity of solute Nb) and a larger pre-rolled grain size, recrystallization is expected to be retarded, but on the other hand, the coarse grain size is disadvantageous to the development of the γ-fiber. 23) In order to obtain a high r-value in warm-rolled steel sheets, the grain size should be moderate and higher contents of Nb and Ti than in the conventional cold-rolling and annealing process are necessary.
Conclusion
Recrystallization behaviors occurring within a very short time after ferritic hot rolling were investigated with Ti-bearing and Nb-bearing IF steels, and the following points were clarified.
(1) Strain-free, recrystallization-like grains were observed within a short time after hot rolling. The recrystallization fractions increased with increasing rolling reduction. The Ti-bearing steel easily crystallized at 1 123 K, even under lower rolling reduction.
(2) The γ-fiber intensity reaches its maximum at a rolling reduction of around 52% at 1 123 K in the Nb-bearing IF steel and at 1 073 K in the Ti-bearing IF steel. Furthermore, with the Ti-bearing IF-steel, the γ-fiber did not develop, independent of rolling reduction, at the higher temperature of 1 123 K. These changes are closely related to recrystallization behavior. The strength of the γ-fiber decreases sharply when recrystallization proceeds rapidly after ferritic rolling.
(3) Some recrystallized grains seemed to emerge as a result of strain-induced grain boundary movement that resembled dynamic recrystallization. However, due to the higher Z-factor in the present work, it is very difficult to conclude that dynamic recrystallization actually occurred.
(4) Some other recrystallization grains were surrounded by high angle grain boundaries near triple junctions. However, since such grains had already grown to a certain size, there is a possibility that nucleation occurred by the SIBM mechanism after localized crystal rotation at the triple junctions.
